Spliced transcripts of influenza A (fowl plague) virus (FPV) RNA (vRNA) segments 7 and 8 accumulate to a much greater extent during non-productive infection of mouse L cells, than they do during productive infection in primary chick embryo fibroblasts (CEF). Virus-specific protein synthesis, or a consequent event in virus replication appears necessary to promote splicing of vRNA segment 8-encoded mRNAs in both cell types, and of vRNA segment 7-encoded mRNAs in CEF. In L cells, however, splicing of the segment 7-encoded mRNAs seems to be independent of such virusspecific control. This observation is discussed in relation to the defect in expression of vRNA 7 which has been observed previously in FPV-infected L cells, and which is thought to account for the failure of virus replication.
INTRODUCTION
Each of the two smallest virion RNA (vRNA) segments (7 and 8) of influenza A virus contains two overlapping genes (Porter et al., 1980; Lamb & Lai, 1980 Winter & Fields, 1980; Winter et aL, 1981 ; Allen et al., 1980; Baez et al., 1980 Baez et al., , 1981 McCauley et al., 1982) which are expressed during virus replication from different species of mRNA. In the infected cell, vRNAs 7 and 8 are transcribed initially into mRNAs (7 and 8) which represent virtually fulllength copies of their templates (Hay et aL, 1977 a) and which encode the 28 000 mol. wt. (28K) structural matrix protein (M) and the 26K non-structural protein (NS~) respectively (Ritchey et al., 1976; Scholtissek et aL, 1976; Inglis et al., 1977) .
In addition, infected cells contain one smaller vRNA 8-specific polyadenylated RNA and two smaller vRNA 7-specific polyadenylated RNAs (Inglis & Brown, 1981 ; which are assumed to arise through splicing of the full-length transcripts (see Fig. 1 ), since they are complementary to non-contiguous regions on their respective vRNA templates (Lamb & Lai, 1980; Inglis & Brown, 1981 ; . The small vRNA 8-encoded mRNA (mRNA 9), which encodes the NS: protein (11K to 14K) , contains sequences identical to the 5'-terminal 56 nucleotides and the T-terminal 361 nucleotides of the NS~ mRNA (Lamb & Lai, 1980) while the two small segment 7-encoded RNAs (mRNAs 10 and 11) comprise the 3'-terminal 287 nucleotides of the matrix mRNA spliced to either 12 (for mRNA 11) or 51 (for mRNA 10) nucleotides from the 5' end . The larger of these two species encodes the recently identified M 2 protein , but the coding function of the smaller mRNA remains unknown.
The enzyme activity responsible for processing of the virus mRNAs has not yet been identified, but since the sequences surrounding the splice points in both the NS1 and M mRNA resemble those which signal splicing in normal cellular mRNAs (Lamb & Lai, 1980; , it seems likely that the enzyme is of cellular origin. In support of this notion, at least some of these signals were utilized correctly during infection with a recombinant simian virus (SV) 40 virus which had been manipulated to contain a DNA copy of influenza vRNA segment 7 (Lamb & Lai, 1982) . It seemed possible therefore that certain host cell-specific differences in influenza virus gene expression which had been documented previously (Bosch et al., 1978 ; Valcavi et al., (Lamb & Lai, 1980; Inglis & Brown, 1981) .
1978 ; Lamb & Choppin, 1978) might be explained by variation in the efficiency of virus mRNA splicing. We report here that for the avian influenza A virus, fowl plague (FPV), the proportion of spliced mRNAs which accumulate in infected L cells is much greater than in primary chick embryo fibroblasts (CEF) and that control of this splicing process occurs differently in the two cell types. In CEF, the synthesis of new virus proteins appears necessary either directly or indirectly to promote splicing of both vRNA 7-and vRNA 8-encoded mRNAs. In L cells, efficient splicing of vRNA 7-encoded mRNA does not exhibit this dependence. These observations may help to explain defects in the expression of virus proteins which have been implicated in the failure of FPV to replicate in certain cell types.
M E T H O D S
Cells and virus. Influenza A/FPV/Rostock strain was propagated in fertile hens' eggs, assayed, and used to infect tissue culture cells as described previously (Inglis et al., 1976) . Primary CEF cultures were prepared as described by Borland & Mahy (1968) and L929 cells were obtained, as a continuous line, from Flow Laboratories.
Analysis of infected cell protein synthesis. Cells were pulse-labelled with [35S]methionine (20 ~tCi/ml) in methionine-free medium before harvesting, and were analysed on 17-5 ~ SDS-polyacrylamide gels as described previously (Inglis et aL, 1976) .
Preparation of FPV-infected cell RNA. Infected cells were fractionated into nuclei and cytoplasm, and cytoplasmic RNA was extracted as described previously (Inglis et al., 1977) . Nuclei were lysed in high salt buffer (0.5 M-NaC1, 0-05 M-MgC12, 0.01 M-Tri~HC1 pH 7.4), and incubated with bovine pancreatic deoxyribonuclease I (50 p-g/ml) for 5 rain at 37 °C before RNA extraction as before. Poly(A)-containing RNA was purified by oligo-(dT)-cellulose chromatography (Inglis & Mahy, 1979) . Where 32p-labelled RNA was required, cells were prestarved of phosphate for 16 h then labelled with [32p]orthophosphate (1 mCi/ml) for 3 h before, as well as during, infection. Labelling of cells with [3H]uridine was carried out in serum-free medium at a concentration of 200 [ICi/ml. Poly(A) was removed from mRNA using ribonuclease H in the presence of oligo(dT) as previously described (Inglis et al., 1980) . Synthesis of complementary DNA. DNA copies of infected cell mRNAs were synthesized using reverse transcriptase, oligo(dT)l 2 -18 as primer, and [~-32p]dTTP as an internal label. Reaction conditions and procedures for processing of samples for gel electrophoresis were as detailed elsewhere (Inglis et al., 1980) . Selection of virus-specific mRNAs and cDNAs using immobilized plasmid DNA. Bacterial plasmids containing sequences from vRNA segments 7 and 8 of FPV were immobilized on nitrocellulose filters and hybridized with labelled cDNAs or mRNAs as before (Inglis & Brown, 1981) . The plasmids used were all based on pBR322 (Bolivar et al., 1977) and their virus-specific information content was as follows: pFPV 71 (Caton & Robertson, 1980) , a complete copy of vRNA 7; pFPV 71B (Inglis & Brown, 1981) , the T-terminal 293 nucleotides from vRNA 7; pISI 86 (Roditi, 1983) , a complete copy of vRNA 8; pFPV 82A (prepared in this laboratory by D. Smith), the 3'-terminal 51 nucleotides of vRNA 8.
Nucleic acids that hybridized specifically to immobilized DNA were eluted, recovered, and analysed on Trisborate-EDTA-buffered 7-5~ polyacrylamide gels as described by Inglis & Brown (1981) .
RESULTS

Expression of vRNA segment 7-and segment 8-encoded polypeptides in CEF and L cells
Primary CEF, which are permissive for FPV replication (Breitenfeld & Schafer, 1957) , and L cells which do not support FPV growth (Franklin & Breitenfeld, 1959) were pulse-labelled with [35S]methionine at various times after infection, and analysed by gel electrophoresis (Fig. 2 a, b) . Virus-specified protein synthesis in CEF (Fig. 2a) conforms to a well-documented pattern in which synthesis of N P and NSI is amplified early in infection, while M and haemagglutinin (HA) protein syntheses are increased selectively at later times (Skehel, 1973; Inglis et al., 1976; Bosch et al., 1978 ; Inglis & Mahy, 1979) . The smaller of the two v R N A 8-encoded proteins, NS2, appears later than NS1, and its synthesis remains relatively low throughout infection.
The pattern of virus protein synthesis in the L cells differed from that in CEF in two main respects. Firstly, the degree of amplification of M protein synthesis was much less marked, as Bosch et al. (1978) have noted before, and secondly, synthesis of NS2, although initially less than that of NS1, eventually exceeded that of all the other virus proteins. In these experiments we were unable consistently to detect a protein with characteristics of the second v R N A 7 gene product, M2 despite using [35S]cysteine as a radioactive precursor, and so the characteristics of its synthesis and its relative abundance remained uncertain. 
Analysis of vRNA segment 7-and segment 8-encoded mRNAs in CEF and L cells
Increased synthesis of NSz and decreased synthesis of M protein in L cells might be explained by an increase in the proportion of spliced to unspliced m R N A s which accumulate in the cytoplasm, and so we next investigated the relative amounts of the m R N A s specified by v R N A s 7 and 8 in the two cell types. This was accomplished using a filter-hybridization technique described previously (Inglis et al., 1980; Inglis & Brown, 1981) in which cloned virus-specific D N A was used to select, for gel analysis, complementary D N A copies of specific virus mRNAs. Radioactively labelled reverse transcripts of m R N A from infected CEF and L cells were hybridized with plasmids containing either full-length copies of v R N A s 7 and 8 (pFPV 71 and pISI 86 respectively) or plasmids which included only the T-terminal sequences of these segments (pFPV 71B and pFPV 82A respectively). The latter plasmids were used since they select c D N A copies of the corresponding spliced m R N A s yet exclude all but the largest incomplete transcripts of the full-length m R N A s (e.g. Fig. 3 a, lane 5 contains two prominent incomplete c D N A copies of m R N A 8, that are not present in lane 6). The exception to this is m R N A 11 which has insufficient homology with the 3' end of v R N A 7 to permit efficient hybridization, and which therefore is not selected by pFPV 7lB. Fig. 3 (a, b) shows that in the cytoplasm of the L cells, the proportion of both v R N A 7-and v R N A 8-specified m R N A s that are present in a spliced form is much higher than in CEF. There was no preferential accumulation of the unspliced full-length m R N A s in the nuclei of these cells (data not shown), suggesting that the altered proportions of the segment 7-and 8-specific mRNAs, which presumably account for the altered pattern of protein synthesis observed in Fig.  2 , were due to an increased level of splicing.
Temporal control of virus mRNA splicing in L and CEF cells
Next we monitored, by the same method as before, the accumulation throughout infection of the spliced virus mRNAs in L and CEF cells (Fig. 4) . Analysis of vRNA 8-specific mRNAs (Fig. 4b) indicated that in both cell types, mRNA 8 (NS1 mRNA) was the major species present early in infection, but that the relative proportion of mRNA 9 increased later (compare for example the lanes marked 2 and 6 for both CEF and L cells), particularly in L cells where mRNA 9 became eventually more abundant than mRNA 8.
The pattern of accumulation of vRNA 7-specific mRNAs in CEF (Fig. 4a , left-hand panel) was similar in that the spliced mRNAs (10 and 11) appeared in relatively small amounts early in infection, and there was a slight increase in the proportion of spliced to unspliced mRNAs at later times. However, the ratio of the two spliced mRNAs changed throughout infection, mRNA 10 predominating at early times while mRNA 11 became more abundant later. In contrast, in L cells mRNAs 10 and 11 appeared as early as mRNA 7, and there was little change in their proportion relative to each other throughout infection.
It was of interest to know whether the changes in the relative amounts of mRNAs 10 and 11 present during infection of CEF were the result of altered rates of synthesis or perhaps different rates of turnover of the two species. These possibilities were examined by pulse-labelling infected CEF with [3H]uridine at different times after infection. After a 2 h labelling period, total cytoplasmic RNA was extracted and analysed for the presence of labelled mRNAs 10 and 11 directly by hybrid selection and gel electrophoresis following removal of poly(A) (Fig. 5) .
It was not necessary to fractionate the labelled RNA by oligo(dT)-cellulose chromatography for this experiment, since infected cells do not contain unpolyadenylated equivalents of mRNAs 10 and 11 (unpublished observations). During the first 2 h of infection (lane 1), the two spliced mRNAs were apparently synthesized in similar amounts, but thereafter there was a relative decrease in production ofmRNA 10, so that by 4 to 6 h post-infection (lane 3) mRNA 11 was the only detectable species. Analysis of nuclear RNA from these cells by the same procedure (lanes 5 and 6) indicated that there was no preferential accumulation of mRNA 10 in the nucleus later in infection, suggesting that the splice donor site nearest the 5' end of mRNA 7 (see Fig. 1 ) was favoured later in infection.
Virus mRNA splicing in L cells and CEF in the absence of protein synthesis
It seemed possible that the changes in the overall amounts and in the pattern of splicing which occurred during infection might depend on the synthesis of new virus proteins. The production of spliced mRNAs was therefore investigated in L cells and CEF which had been infected in the presence of the protein synthesis inhibitors cycloheximide and anisomycin (Fig. 6 ). Under these conditions, virus-specific RNA synthesis is limited to transcription of the infecting genome RNA into mRNA by the endogenous virion transcriptase (Hay et al., 1977b) . L cells and CEF cultures were incubated with both protein synthesis inhibitors, in the presence of [3Zp]orthophosphate, from 1 h before infection until 5 h after infection, when cytoplasmic RNA was extracted. The RNA was treated with ribonuclease H to remove poly(A) tails and was analysed directly, as before, for the presence of segment 7-and 8-specific mRNAs (lanes 3 to 6).
In CEF infected in the presence of the drugs (lanes 3 and 4) the relative production of spliced mRNAs, particularly of mRNAs 10 and 11, was lower than in cells which had not been treated with the inhibitors (lanes 1 and 2, and Table 1 ). In further experiments where the amounts of vRNA 7-and vRNA 8-encoded mRNAs were measured through reverse transcription and hybrid selection, the drugs exerted an equivalent, or more pronounced inhibitory effect on the appearance of the spliced mRNAs. This reduction was not apparently a direct effect of the inhibitors on splicing in CEF, since it was not observed when the drugs were added after infection had been established but prior to radioactive labelling (lanes 7 and 8, and Table 1 ). It seems therefore that protein synthesis, presumably virus-specified, is necessary to promote splicing of virus mRNAs in the infected CEF cell. In L cells, splicing of segment 8 transcripts was similarly reduced by drug treatment (e.g. compare 
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Cytoplasm Nuclei 4) and where indicated the nuclei of these cells (lanes 5 and 6), and hybridized with nitrocellulose discs carrying vRNA 7-specific plasmid DNA (pFPV 71). Hybridized RNAs were eluted, treated with ribonuclease H in the presence of oligo(dT) in order to remove poly(A), separated on a 7-5~ polyacrylamide gel, and detected by fluorography. Fig. 3b , lane 1), suggesting that in these cells virus-specified protein synthesis was not required to allow efficient splicing of segment 7 transcripts.
DISCUSSION
Our results suggest that in FPV-infected CEF, splicing o f v R N A 7-and 8-encoded m R N A s is dependent on virus-specific factors since the presence of protein synthesis inhibitors from the start of infection inhibited the accumulation of spliced mRNAs. This was not a direct effect of the inhibitors on the efficiency of splicing, because administration of the drugs after infection had commenced no longer exerted the same effect, and so it would appear that virus-specific proteins, or more probably events in the replication cycle which are dependent on the synthesis of new virus proteins, are necessary to promote splicing of virus-specific m R N A s in the infected cell. This implication is supported by previous observations that R N A from CEF which had orthophosphate from 6 h before infection, and cyctoheximide (100 ~g/ml) plus anisomycin (20 ~tg/ml) from 1 h before infection until the time of harvesting at 5 h post-infection. Total cytoplasmic RNA was extracted immediately and hybridized with nitrocellulose filters carrying vRNA 7-specific plasmid DNA (pFPV 71, lanes 3 and 5) or vRNA 8-specific plasmid DNA (pISI 86, lanes 4 and 6). Sequences that hybridized were eluted, treated with ribonuclease H in the presence of oligo(dT) to remove poly(A), separated on a 7.5 ~ polyacrylamide gel and detected by autoradiography. Lanes 1 and 2 : CEF were infected, labelled, and RNA was extracted at 5 h as before except that no drugs were added. Poly(A)-containing RNA was then prepared and hybridized with either vRNA 7-specific DNA (lane 1) or vRNA 8-specific DNA (lane 2) before ribonuclease H treatment and gel analysis as before. Lanes 7 and 8: infected CEF were incubated with cycloheximide plus anisomycin (concentration as before) from 2.5 h after infection, and with [32p]orthophosphate from 5 h after infection, until 8 h when total cytoplasmic RNA was extracted as before. The RNA was hybridized with immobilized vRNA 7-specific DNA (lane 7) or vRNA-8-specific DNA (lane 8). Specifically bound sequences were eluted, ribonuclease H-treated, and analysed by gel electrophoresis as above.
been infected with influenza virus in the presence of cycloheximide failed to direct the synthesis of N S : in cell-free translation systems Inglis, 1978) . Also consistent with this notion, in our experiments the proportion of spliced transcripts in the cytoplasm of infected C E F , particularly those of v R N A 8 increased as infection progressed. W e do not know why splicing should be d e p e n d e n t on virus-specific factors in this system. F r o m the work of others, it is clear that the splicing signals present on the virus m R N A s can be utilized by m a m m a l i a n cell enzymes in the absence of other virus information. In cells infected with a recombinant SV40 virus in which part of the 'late' region had been replaced by a D N A copy of v R N A 7 (of a h u m a n strain of influenza virus), approximately half of the transcripts Fig. 6 were scanned and the area under the relevant peaks computed, using a Beckman Du-8 spectrophotometer.
t The results are expressed as the percentage proportion of radioactivity in the spliced rnRNA relative to that present in its unspliced equivalent. The gel lane from which the data were obtained is indicated in brackets after each value.
The spliced mRNA was not detectable. § Accurate values could not be obtained owing to a high background of radioactivity (Fig. 6, lane 7) . from this region accumulated in a spliced form (Lamb & Lai, 1982) , although this fraction did not include an equivalent of mRNA 10. In L cells and baby hamster kidney cells that carry stable integrated DNA copies of vRNA 8 from FPV, transcripts of these genes are spliced with still higher efficiency (M. Inglis, personal communication) . It is possible that CEF cell splicing enzymes are unusual in their inability to process efficiently virus mRNAs without help from the virus proteins, but since the sequences surrounding splice sites in avian cell mRNAs do not appear to differ greatly from those found in mammalian cell mRNAs (Mount, 1982) this seems unlikely. A more plausible explanation is that in CEF, in the absence of virus protein synthesis, mRNA transcripts are synthesized or modified in such a way that the splicing machinery is avoided. Later in infection, when virus proteins are available the mode of synthesis or presentation of the transcripts is altered to allow a greater degree of processing.
It was evident in our experiments that the progress of infection influenced not only the overall amount of virus mRNA splicing, but also with regard to vRNA 7 transcripts, the specificity of the splice events. During the early phase, mRNA 10 and mRNA 11 were equally abundant, whereas later on, mRNA 11 was the predominant species. This shift appeared to be the result of a change in the relative rates of synthesis of the two mRNAs rather than a reflection of different turnover rates, suggesting that splice events involving the donor site nearest the 5' end of mRNA 7 (see Fig. 1 ) are preferred later in infection. Similar changes in the pattern of virus mRNA splicing are thought to occur during infection with adenovirus (Chow et al., 1979; Nevins & Wilson, 1981) but the mechanism by which they occur is unknown.
The spliced mRNAs encoded by vRNA segments 7 and 8 of FPV accumulated to a much greater extent, relative to their unspliced counterparts, in infected L cells as compared with infected CEF. Although we cannot entirely rule out the possibility that different rates of mRNA turnover are responsible for this effect, it seems most likely that it reflects an increased efficiency of splicing of these mRNAs in L cells. Such an increase might be the result of a higher affinity of L cell splicing enzymes for virus-specific substrate mRNAs, but an alternative possibility is that the substrates for splicing are more readily available in L cells than they are in CEF, as a result of differences in the rates or sites of their synthesis, or in their structural presentation. A surprising aspect of these experiments was that although L cells clearly contain relatively large amounts of mRNA 10, we were unable consistently to detect its protein product, Mz despite using [35S]cysteine as a radioactive label. It may be that M2 is unstable in these cells, or that translation of its mRNA is somehow prevented, but we cannot distinguish between these possibilities at present.
In FPV-infected L cells, the control over virus mRNA splicing exerted by virus-specific components appeared more complex than in CEF. Transcripts of vRNA 8 were inefficiently spliced under conditions of primary transcription. If infection was allowed to proceed normally, the abundance of NS 2 mRNA, relative to NS1 mRNA, increased markedly throughout infection, suggesting, as for infected CEF, a requirement for virus-specific protein synthesis to promote splicing. In contrast, vRNA 7 transcripts were processed as efficiently in the absence of virus protein synthesis as they were during a normal infection.
It is not clear why splicing of matrix mRNA appears to depend on virus-specific factors in CEF yet not in L cells, but this distinction could help to explain differences between the modes of virus replication in these two cell types. It is well established that L cells cannot support productive infection by FPV, yet allow a limited degree of virus gene expression (Franklin & Breitenfeld, 1959; Gandhi et al., 1971) . Bosch et al. (1978) showed that in L cells, the amplification in synthesis of the mRNA for M protein, which is a characteristic of the late stage in CEF infection (Hay et al., 1977b; Inglis & Mahy, 1979) , did not occur. The consequent reduction in synthesis of M protein was therefore advanced as a possible cause of inadequate virus assembly. More recently, Smith & Hay (1982) reported that the synthesis of vRNA 7 was also reduced in infected L cells and suggested therefore that the decreased production of M mRNA in these cells was due to a dearth of templates for its synthesis.
It is tempting to speculate that this defect in expression of vRNA 7 in L cells might be linked with the capacity of these cells to splice vRNA 7 transcripts in an apparently uncontrolled fashion. For example, accumulation of M protein might be required to promote synthesis of vRNA 7 late in infection, and so in infected L cells this positive regulation cycle might be interrupted. There is as yet no evidence to suggest that the influenza virus M protein has such a regulatory function, but the matrix protein of vesicular stomatitis virus has been implicated in control of virus-specific RNA synthesis (Clinton et al., 1978; Carroll & Wagner, 1979) .
From the results presented here and elsewhere, it is clear that the amplification of M protein synthesis in influenza virus-infected cells is dependent on host cell factors. Synthesis of M protein is specifically reduced in FPV-infected KB cells, as well as in L cells (Valcavi et al., 1978) and occurs differently in different cell types infected with the same strain of human influenza virus . Furthermore, inhibitors of cell DNA function, such as actinomycin D and camptothecin, or pre-irradiation with u.v. light have a selective effect on the amplification of M protein synthesis in FPV-infected CEF (Minor & Dimmock, 1975 Mahy et aL, 1977; Inglis et al., 1978) . It is conceivable therefore that alterations in host celldependent splicing of vRNA 7 transcripts might provide a link between these phenomena.
